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ABSTRACT
DNA nanoassemblies have demonstrated wide ap-
plications in various fields including nanomaterials,
drug delivery and biosensing. In DNA origami, single-
stranded DNA template is shaped into desired nanos-
tructure by DNA staples that form Holliday junctions
with the template. Limited by current methodolo-
gies, however, mechanical properties of DNA origami
structures have not been adequately characterized,
which hinders further applications of these materi-
als. Using laser tweezers, here, we have described
two mechanical properties of DNA nanoassemblies
represented by DNA nanotubes, DNA nanopyramids
and DNA nanotiles. First, mechanical stability of
DNA origami structures is determined by the effec-
tive density of Holliday junctions along a particular
stress direction. Second, mechanical isomerization
observed between two conformations of DNA nan-
otubes at 10–35 pN has been ascribed to the collec-
tive actions of individual Holliday junctions, which
are only possible in DNA origami with rotational sym-
metric arrangements of Holliday junctions, such as
those in DNA nanotubes. Our results indicate that
Holliday junctions control mechanical behaviors of
DNA nanoassemblies. Therefore, they can be con-
sidered as ‘mechanophores’ that sustain mechani-
cal properties of origami nanoassemblies. The me-
chanical properties observed here provide insights
for designing better DNA nanostructures. In addi-
tion, the unprecedented mechanical isomerization
process brings new strategies for the development
of nano-sensors and actuators.
INTRODUCTION
Because of the highly stable and specific recognition be-
tween two complementary DNA strands, DNA has been
used as an attractive component in nanoassembly. In the
DNAorigami nanoassembly, a long ssDNA serves as a tem-
plate to fold into nanostructures through hundreds of Hol-
liday junctions formed between short DNA staples comple-
mentary to the template sequences at particular locations
(1). The simple, robust and highly efficient synthesis strategy
of DNA origami has established this structure as a highly
potent nanomaterial (2–10) yet to be fully characterized for
its properties. Among these unknown territories, mechan-
ical property is certainly a notable missing link with high
significance. Mechanical stability of the connecting regions
in DNA nanoassemblies is essential to sustain robust in-
teractions between biomolecules (11) and nanoassemblies.
Likewise, mechanical rigidity of DNA nanocavities is crit-
ical to define the morphology of inorganic nanoparticles
contained within (12,13). In the sensing applications using
DNA nanoassemblies, (14–18), the mechanical rigidity and
stability of the DNA nanoassemblies can directly affect the
accuracy in the signal output and the sensitivity in the ana-
lyte recognition (5).
So far, only a handful of investigations have been re-
ported with a main focus on the mechanical functionalities
of the DNA nanoassemblies (14,19–22). The insufficient in-
formation on the mechanical rigidity and stability of DNA
nanoassemblies in general and DNA origami in particular
hinders rational design of DNA nanomaterials for applica-
tions that exploit their mechanical properties. One reason
for this lack of knowledge lies in the difficulty in the char-
*To whom correspondence should be addressed. Tel: +1 330 672 9380; Fax: +1 330 672 3816; Email: hmao@kent.edu
Correspondence may also be addressed to Masayuki Endo. Email: endo@kuchem.kyoto-u.ac.jp
Correspondence may also be addressed to Hiroshi Sugiyama. Tel: +81 075 753 4002; Email: hs@kuchem.kyoto-u.ac.jp
C© The Author(s) 2016. Published by Oxford University Press on behalf of Nucleic Acids Research.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by-nc/4.0/), which
permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact
journals.permissions@oup.com









Nucleic Acids Research, 2016, Vol. 44, No. 14 6575
acterization of individual nano-objects for their mechanical
properties. Special tools with high resolution for mechani-
cal force measurement, such as AFM and optical tweezers,
must be employed to carry out the characterization (22,23)
after immobilization of nanoparticles with different shapes,
which is another challenging practice.
We reasoned that due to the flexible nature in the design
of a DNA origami with the single-nucleotide precision, it
is possible to introduce two duplex DNA handles to tether
a DNA origami. These handles are then linked to the two
optically trapped polystyrene beads in laser tweezers, which
allow the quantification of mechanical properties of DNA
nanoassembly. Previously, with the aim to develop origami
based nanomechanical devices, Sugiyama and coworkers
have found that tubular designs of origami structures can
have two stable conformations: a short and a long tubu-
lar forms that may stem from different isomers of Holl-
iday junctions contained inside the origami devices (10).
Given the potential applications of controlling conforma-
tions of DNA origami structures by mechanical factors as
discussed above, here we wish to understand whether it is
a unique feature for the tubular-shaped origami to demon-
strate different structural isomers. To this purpose, we ap-
plied two duplexDNAhandles to the tubularDNAorigami
structures for the comparison of their mechanical proper-
ties with those from other nanoassemblies, DNA nanopy-
ramids andDNAnanotiles.We foundmechanical stabilities
of DNA origami structures are correlated with the effective
density of Holliday junctions in a particular nanoassem-
bly. The mechanical stability is anisotropic in nature with
the short axis of a DNA nanotube resisting higher external
stress than the long axis. Interestingly, mechanical isomer-
ization between two conformations of aDNAnanoassemby
at 10–35 pN external force was observed only in DNA nan-
otubes, which have unique symmetric arrangements of Hol-
liday junctions. Similar to the mechanical stability, the me-
chanical isomerization also showed anisotropic behavior.
Given that individual Holliday junctions have isomeriza-
tion force in the sub-picoNewton range (24) and they are
anisotropically arranged in DNA nanotubes, we have at-
tributed the mechanical isomerization of the DNA nan-
otubes to the collective actions of many Holliday junctions
that experience similar microenvironment. All these results
indicate that Holliday junctions in DNA origami structures
serve as mechanophores (25,26), which determine the me-
chanical property of DNA nanoassemblies, similar to chro-
mophores and fluorophores that carry spectroscopic infor-
mation in a molecule. We anticipate these new findings are
instrumental to optimize the mechanical strength of DNA
nanoassemblies.
RESULTS AND DISCUSSION
Mechanical isomerization and mechanical disassembly of
DNA tubes
Optical tweezers have been used to apply and measure
forces in picoNewtons (27–29). Compared to AFM, it
has better force resolution and therefore is particularly
suitable to characterize mechanical stability of macro-
molecules such as proteins and nucleic acids. Here, we used
Figure 1. Mechanoanalytical characterization of DNA origami nan-
otubes. (A) Schematic of the experimental set up for the mechanical iso-
merization of DNA origami tubes. DNA origami tube is sandwiched
between two long dsDNA handles and the whole construct is teth-
ered between two optically trapped beads with affinity linkages. The
mechanochemical property of DNA tubes is revealed by moving one of
the beads away from another at a loading rate of ∼5.5 pN/s. AFM image
of the eight-tube DNA for longitudinal (B) and horizontal stretching (C).
Schematic pictures are shown to the right of corresponding AFM images.
a home-built laser tweezers instrument (30,31) to character-
ize the mechanical properties of individual DNA origami
nanoassemblies. To this end, we introduced two double-
stranded (ds) DNAhandles toDNAorigami structures (see
Figure 1A, Supplementary Figure S1A and B and Mate-
rials and Methods) (14). DNA handles were inserted into
the origami structure via overhang single-stranded staple
sequence, which contains 40 nucleotides complementary
to the single-stranded M13mp18 template (it has been re-
ported that the shearing force of 30 bp duplex DNA is >60
pN) (32). The other end of the handle was labeled with a
digoxigenin or biotin molecule. These DNA handles were
mixed and incubated with rest of the DNA components for
the origami construction (see Materials and Methods and
Supplementary Figures S1–S7). AFM images have revealed
successful incorporation of the handles (see Figure 1B and
C, Supplementary Figures S8 and S9 for the handles at-
tached to the DNA nanotubes; see Supplementary Figures
S6 and S7 for handle incorporation of other origami struc-
tures).
Using the digoxigenin and the biotin molecules labeled
at the free end of the DNA handles, the modified DNA
origami construct was tethered to the two optically trapped
particles coated with digoxigenin antibody and streptavidin
through respective affinity interactions (14). The mechan-
ical stability of the origami was probed by force ramping
experiments in which one of the optically trapped particles
was moved away from the other at a loading rate of ∼5.5
pN/s in laser tweezers.
Due to the unique behavior of isomerization displayed
in DNA origami tubes (10), we chose these origami struc-
tures as our first samples to evaluate mechanical proper-
ties of DNA origami structures. Using the reported pro-
cedures (10), we prepared eight-tube and six-tube DNA
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origami nanoassemblies that respectively consist of eight
and six Holliday junctions in each of the circular layers that
are spirally arranged into desired tubes. Previously, AFM
images (10) have revealed that each type of tube has two
equilibrated isomers, long and short tubes (similar to those
shown in Figure 1B and C, Supplementary Figures S8 and
S9). Due to the limited time resolution in AFM, the isomer-
ization between the two conformers has not been observed
in real time. The dynamic nature of mechanical unfolding
at the single nanostructure level may provide an unprece-
dented opportunity to investigate this isomerization pro-
cess. To this end, by using the procedures reported earlier
(14), either eight-tube (short and long) or six-tube (short
and long) DNA origami structures were obtained and teth-
ered to two optically trapped polystyrene beads as described
above.
In the first set of experiments, we mechanically stretched
DNA origami samples from longitudinal direction of the
tube (see the eight-tube DNA in Figure 1 as an example).
We observed two types of rupture transitions (Figure 2A
and B), which were assigned to mechanical isomerization
and disassembly of origami tubes on the basis of the fol-
lowing aspects. First, the two types of transitions can be
separated according to the low (10–35 pN) and high (35–60
pN) force of transitions (Figure 2C, two left panels). The
hierarchical cluster analysis (HCA) (33), which is a non-
supervised method (34) to classify groups using the dis-
tance between two data points, confirmed the presence of
these two populations (Figure 2C, two right panels). Here,
we used rupture force as a distance variable in the HCA
calculation (see Materials and Methods for details). When
we scrutinized the properties of the transition in these two
groups, we found that the single or multiple transitions in
the lower force region (10–35 pN) were reproducibly ob-
served after incubating the construct for 90 s before each
force–extension cycle (Supplementary Figure S10). On the
other hand, we observed successive transition events in the
higher force region (35–60 pN) that were not reversible after
the same incubation time. These high-force transitions, all
centered in a similar force region (35–60 pN) even for dif-
ferent DNA tubes (Supplementary Figures S11 and S12),
suggesting the disassembly of the structures with similar
mechanical stabilities. Since the force range we observed
here fell into that for the slide-opening of DNA duplex
(35), we surmised these transitions may be due to the force-
induced disassembly of Holliday junctions (shearing break-
age), whose re-assembly is slow. Consistent with this sce-
nario, when the tension for the origami in the higher-force
region was relaxed to 0 pN, we did not observe the same
trajectory in subsequent force-ramping cycles. Instead, the
contour length of the origami became longer even after in-
cubation up to 90 s at 0 pN (see curves in the disassembly re-
gion in Figure 2B). Similar events were observed during the
mechanical stretching of DNA nanotiles, which have been
ascribed to the disassembly ofDNAorigami structures (14).
Therefore, these high-force transitions likely represent the
disintegration of a DNAorigami structure through the irre-
versible breakage in the Holliday junctions during the time
scale of the experiment.
To explain the nature of the low-force transitions, we
analyzed the population of the origami that yielded re-
Table 1. Mechanochemical properties of tubular DNA origami structures
versible transitions in the lower force region. We found that
42% (Supplementary Figure S13B) and 75% (Supplemen-
tary Figure S10) of the origami showed these transitions in
the six-tube and eight-tube DNA stretched from the longi-
tudinal direction, respectively. During longitudinal stretch-
ing, only short tubes can isomerize into the long tubes
(Figure 2D), therefore, 42% and 75% populations represent
short tube isomers. These values are close to that obtained
from AFM images, which showed 45% and 85% (Table 1)
for the short isomers in the six-tube and eight-tube DNA,
respectively. The striking agreement between the mechan-
ical unfolding and AFM analyses strongly suggests that
these low-force transitions are likely force-induced isomer-
izations, which are expected to be reversible after incubation
as the origami structures remain intact during the process
(Figure 2D and E). To confirm this scenario, we measured
the changes-in-extension due to the rupture transitions in
the lower force region. We found that the measured values
were closelymatchedwith the calculated difference in length
between the short and long isomers in each type of theDNA
tube (see next section for details). It is noteworthy that in the
force range (10–35 pN) we observed for the isomerization,
the changes-in-extension for different DNA nanotubes do
not vary with force significantly (calculations see SI).
Based on these facts, we assigned the lower-force tran-
sition as mechanical isomerization while the higher-force
transition as disintegration of origami structures (see
schematic models in Figure 2D (nanostructure level) and
Figure 2E (molecular level)).
Given that each Holliday junction consists of Watson–
Crick base pairing that can be taken apart by different me-
chanical force from varying directions, (24,36) it is interest-
ing to see whether or not the same force is required to dis-
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Figure 2. Mechanochemical properties of DNA origami tubes. (A) A typical force–extension (F–X) trace for the longitudinal stretching of a eight-tube
DNA in optical tweezers experiment. Dotted circles depict the isomerization and disassembly processes. (B) A set of F–X traces for another eight-tube
DNA origami. The first transition event in the red curve depicts mechanical isomerization. The relaxing curve after mechanical isomerization is shown
in black. After incubation, the next stretching curve is identical with the first red curve. After mechanical disassembly, the traces do not overlap with the
first red curve after incubation at 0 pN. Instead, they depict longer contour lengths (blue). (C) Distribution plots for the transition forces (left two panels)
and the hierarchical cluster analyses (right two panels) clearly indicate the presence of two populations. The red population with lower transition force is
due to isomerization of the nanotube while the blue population with higher transition force is due to nanotube disassembly. Solid curves in the left panel
represent Gaussian fittings. The green data points are identified as stand-alone groups in HCA. We assigned these points to each of the populations based
on force. (D) Schematic of mechanical isomerization of the short to long eight-tube DNA origami structures followed by disassembly. Magnified sections
show the rearrangement of Holliday junctions before and after mechanical isomerization. (E) Schematic of the molecular rearrangements of Holliday
junctions in a DNA tube during mechanical isomerization and disassembly processes. Numbers in black and green respectively indicate the duplex layers
and the Holliday junctions in DNA origami tubes.
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integrate the DNA origami tube from different directions.
To test this scenario, we stretched the same type of tube
from horizontal direction by using two dsDNAhandles fac-
ing each other in the middle of the eight-tube DNA (Fig-
ure 1C and Supplementary Figure S3). Similar to what was
observed for the longitudinal stretching, two regions were
found for the horizontal stretching. However, the disassem-
bly process was abrupt. While the lower force region (10-
35 pN) showed reproducible features after incubation at 0
pN, the higher force region (35–60 pN) again revealed irre-
versible disassembly, likely due to disintegration of staples.
Similar characteristics were observed during the longitudi-
nal and horizontal stretchings of the six-tube DNA (see be-
low for detailed discussion).
Mechanical disassembly (or stability) of a DNA origami
structure is correlated with the effective density of Holliday
junctions
When we scrutinized the higher-force mechanical disassem-
bly region that reflects the mechanical stability of a DNA
nanoassembly, we found that the mechanical stability for
horizontal stretching of the eight-tube DNAwas higher (49
pN, see Supplementary Figure S13A for F–X curves and
Figure 3B for histogram) than longitudinal stretching (42
pN, Figure 2A and B for F–X curves and Figure 3A for his-
togram). Similar anisotropy in mechanical stability was ob-
served for the six-tube DNA origami (see Supplementary
Figures S4 and S5 for its structure and preparation and Sup-
plementary Figure S9 for AFM images).While the horizon-
tal mechanical stability was 49 pN, that of longitudinal was
lower (44 pN, summarized in Table 1 andFigure 3C, see rep-
resentative F–X curves in Supplementary Figure S13 B&C).
During disassembly, gradual deviation in the extension that
corresponds to the sequential rupture of Holliday junctions
was not observed in the F–X curves for either horizontal or
longitudinal pulling direction. Instead, sudden and big (80–
100 nm, see Figure 2A and B) rupture events that were con-
sistent with the layer-by-layer disintegration during longi-
tudinal pulling were observed (Figure 3E). Peeling off each
layer during layer-by-layer disassociation in the eight-tube
DNA requires the breakage of eight Holliday junctions (see
black arrows in Supplementary Figure S2), while it requires
breaking sixHolliday junctions for the same effect in the six-
tube DNA (see black arrows in Supplementary Figure S4).
On the other hand, with horizontal stretching, the layer-by-
layer peeling is rather difficult (Supplementary Figures S3
and S5) and the disassembly of the structure is likely due
to force induced melting (35,37) of Holliday junctions (Fig-
ure 3F). As a result, complete disassembly of many more
Holliday junctions is necessary to break the tube. During
stretching experiments, it is more likely that the loss of the
Holliday junction connected to the DNA handles would
cause the sudden breakage of the tether (Supplementary
Figure S13A and C). These breakage forces are used to rep-
resent the lower end of the disassembly forces of the origami
tubes at the horizontal direction (Figure 3C). This geome-
try difference also predicts that during longitudinal stretch-
ing, more intermediates can be accommodated compared
to those from horizontal direction. In fact, this has been
confirmed during experiments, in which on average 6 inter-
Figure 3. Disassembly processes of DNA origami structures. (A and B)
Histograms of the mechanical disassembly forces measured along longi-
tudinal and horizontal stretching directions of DNA eight-tubes, respec-
tively. The disassembly force was determined at the first disassembly event
(the red arrow in Figure 2B). The insets depict the stretching directions.
N and n respectively indicate the number of F–X traces and the number
of molecules. (C) Comparison of the disassembly force of DNA nanotiles
(Tiles), DNA nanopyramid (Py), eight-tube DNA (8T) and six-tube DNA
(6T). (D) Average number of the disassembly events observed during the
mechanical disintegration of the 8-tube DNA (8T) in longitudinal (L) or
horizontal (H) stretching. (E and F) Schematics of the disassembly with re-
spect to Holliday junctions during longitudinal and horizontal stretching
directions, respectively. Dotted yellow lines depict Holliday junction layers
in different stretching orientations. For clarity, only one complete Holliday
junction is shown in the white circle in each scheme.
mediates were observed in longitudinal disassembly while
it contained only one intermediate in horizontal direction
(Figure 3D).
To further characterize the mechanical stability of DNA
origami structures, we performed stretching experiments of
origami nanotiles (14) (see Supplementary Figure S6 for de-
sign and AFM image, S13D for F–X curves) and pyramid-
shaped origami (see Materials and Methods and Supple-
mentary Figure S7 for the design and AFM image, Supple-
mentary Table S1 for the staple sequences and Supplemen-
tary Figure S13 E for F–X curves). As shown in Figure 3C,
DNA nanotiles have shown the weakest mechanical stabil-
ity (disassembly force 28 pN), which was followed by a 3D
structure, DNA nanopyramid (35 pN). The most compact
3D structures, horizontal eight-tube and six-tube DNA,
demonstrated the strongest stabilities (49.4 and 48.5 pN re-
spectively). Due to the open geometry in the 2D origami
nanotiles (14), disassembly of the structure via stretching
only involves the breakage of Holliday junctions located
close to the axis of the stress. In contrast, in the 3D DNA
assemblies, the stability of a structure can be contributed
from distally located Holliday junctions that come close to
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the stress axis through the long-range, 3D arrangement. In
fact, the density of Holliday junctions along the longitu-
dinal pulling for the 3D tubular structure increases signifi-
cantly as the Holliday junctions in the same layer becomes
more compact after isomerization (see Supplementary Fig-
ure S15). Therefore, the effective density of the Holliday
junctions along the stretching direction becomes a decisive
factor for the mechanical stability of an origami structure
along that direction. Here, we defined the density of Holli-
day junctions as the number of contributing Holliday junc-
tions per nanometer of the force axis in the nanostructure.
For nanotiles and nanopyramids, the effective Holliday
junction densities are 0.17 and 0.18 HJ/nm, respectively.
For the eight-tube and the six-tube DNA along the longi-
tudinal pulling direction, due to the symmetric geometries,
all the Holliday junctions contribute equally to themechan-
ical property of the origami. Therefore, they are all counted
in the density calculation, which leads to much higher den-
sities (1.43 HJ/nm for the eight-tube and 1.09 HJ/nm for
the six-tube). Corresponding to this trend, the disassem-
bly forces of the isomerizable structures along the longitu-
dinal direction for both six- and eight-tube DNA origami
are higher (35–60 pN) than those of the non-isomerizable
structures such as nanotiles and nanopyramids (28–40 pN).
This clearly shows that the mechanical stability of DNA
origami structures may depend on the effective density of
the Holliday junctions. Therefore, the observed data of me-
chanical stability suggest that Holliday junctions serve as
mechanophores (26,38,39) to impart the mechanical stabil-
ity to the entire DNA origami nanoassemblies.
Holliday junctions in DNA origami tubes are responsible for
mechanical isomerization between nanotube isomers
Next, we investigated the mechanical property of the DNA
origami at the lower force region (Figures 2A–C and 4),
in which transition events were reproducibly observed dur-
ing consecutive stretching of the DNA nanotubes (see
Supplementary Figure S10). F–X curves obtained during
the stretching of the 8-tube DNA showed characteristic
changes-in-extension along the longitudinal (Figure 4C) or
horizontal direction (Figure 4D). This confirms that the
low-force transition events represent isomerization of the
DNA tubes. To determine the nature of these rupture tran-
sitions, we measured the change-in-extension during each
event of isomerization transition. The change-in-extension
is described as the isomerization length (Liso) in Figures 4
and 5. For the eight-tube DNA, we found two major transi-
tions of∼62 and∼26 nm during the longitudinal stretching
(Figure 4E) and one transition of ∼11 nm during the hor-
izontal stretching (Figure 4F). These change-in-extension
histograms show broad distributions, which is expected as
the transition events are likely mediated by one or more in-
termediates presented inDNAorigami structures with large
sizes (40,41). It is also possible that some reversible disas-
sembly or melting processes may contribute to this broad
feature. For example, it has been observed that under me-
chanical stress, force induced melting can weaken Watson-
Crick base pairing (32), which may lead to transitions with
longer-than-expected sizes. To clearly determine the most
likely change-in-extension values, we used Population De-
Figure 4. Mechanical isomerization of the eight-tube DNA origami. Me-
chanical isomerizations between the long and short DNA tubes are ex-
plained from the perspective of Holliday junctions in the origami struc-
ture during longitudinal (A) or horizontal (B) stretching. For clarity, only
one complete Holliday junction is shown in the middle of each structure.
Dotted yellow lines depict Holliday junction layers in different stretching
orientations. Representative F-X curves were obtained during longitudi-
nal (C) or horizontal (D) stretching of the eight-tube DNA. Arrow heads
in both F-X curves indicate the isomerization events (see insets for respec-
tive schematic diagrams). The blue/red and green traces depict stretching
and relaxing curves, respectively. Due to the nature of the mechanical iso-
merization, only the transitions from the short tube to the long tube in the
longitudinal pulling, and the long tube to the short tube in the horizon-
tal pulling can be observed. Histograms of the isomerization length (Liso)
of the eight-tube DNA are plotted for longitudinal (E) or horizontal (F)
stretching (inset in E depicts the most probable populations using PoD-
Nano approach, see text). Histograms of the isomerization force (Fiso) of
the same DNA tube measured during longitudinal (G) or horizontal (H)
stretching. Solid curves represent Gaussian fittings. N and n respectively
depict the number of F–X traces and number of molecules in experiments.
convolution at Nanometer resolution (PoDNano), a sta-
tistical tool based on bootstrapping analysis as described
in literature (42,43). With a total of 5000 random resam-
pling processes, we confirmed the presence of the ∼62 and
∼26 nm transitions in the change-in-extension histogram
with the broadest distribution (Figure 4E inset). In AFM
imaging, we have observed two differentDNA tube isomers,
long and short tubular structures (Supplementary Figure
S8) (10). Compared to the expected change-in-extension
between these two isomers (63 and 14 nm for longitudi-
nal and horizontal stretching directions, respectively, see
Supplementary Figure S16 for detailed calculation), the
most probable values obtained from the histograms of the
change-in-extension (Table 1) strongly suggest that the tran-
sitions are due to the force induced isomerization between
the long and short DNA eight-tubes (Figure 4A and B).
Stretching of the six-tube DNA origami confirmed that the
transitions in the low force region are indeed due to the me-
chanical isomerization between the long and short DNA
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Figure 5. Mechanical isomerization of the six-tube DNA origami. AFM images of the DNA nanoassembly with longitudinal (A) or horizontal (B) dsDNA
handles. Representative F-X traces were obtained by longitudinal (C) or horizontal (D) stretching of the six-tubeDNA. The arrowheads in both F-X curves
indicate isomerization events (see insets for respective schematic diagrams). The blue/red and green traces depict stretching and relaxing curves, respectively.
(E) Histogram of the isomerization length (Liso) measured from the longitudinal stretching shows individual transitions that involve different intermediates.
Inset depicts the histogram of the sum of all transitions observed in individual F-X curves. While the 46.5 nm population suggests transitions involving
intermediates, the 80 nm population is consistent with the full transition from the short to long DNA tubes (expected value: 83 nm). (F) Histogram of the
isomerization length (Liso) of the six-tubeDNAduring horizontal stretching. Isomerization force (Fiso) histograms of the six-tubeDNAduring longitudinal
(G) or horizontal (H) stretching. Solid curves represent Gaussian fittings. N and n respectively depict the number of F–X traces and number of molecules
in experiments.
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tubes (80 and 9.2 nm in sum of all transition events vs ex-
pected values of 83 and 12 nm for the longitudinal and hor-
izontal stretching directions, respectively, see Figure 5, Sup-
plementary Figures S16 and S17). It is noteworthy that mul-
tiple transitions were observed in every longitudinal stretch-
ing experiment. This suggests the presence of intermediates
during isomerization. For example, a stable intermediate at
∼46 nm (Figure 5E) can be attributed to a conformation
trapped during incomplete isomerization (Supplementary
Figure S18).
Interestingly, during horizontal stretching, the mechan-
ical isomerization involves fewer intermediate states com-
pared to the longitudinal stretching (compare between Fig-
ure 4E and F; and between Figure 5E and F). This re-
flects different origami arrangements along various stretch-
ing orientations. During longitudinal stretching, it travels
longer (62 nm for the eight-tube and 80 nm for the six-tube)
from the shorter DNA tube to the longer tube with respect
to the horizontal stretching, in which the distance is much
shorter between the two isomers (11 nm for the eight-tube
and 9.2 nm for the six-tube). The extra transition distance
in the former case (longitudinal) renders a more elastic en-
ergetic profile that allows more intermediates to populate.
In the latter case (horizontal), however, the entire process
becomes more cooperative due to the shorter and there-
fore more rigid isomerization pathways that cannot host
as many intermediate populations. Such an observation is
consistent with the disassembly of the origami structures
at the high force region discussed above. While the DNA
tube experiences more intermediates during the longitudi-
nal, layer-by-layer disintegration, it has fewer intermediates
during the horizontal disassembly with increased cooper-
ativity (Figure 3D). Similar observations have been previ-
ously obtained in the mechanical unfolding of short and
longDNA duplexes.While the short DNA duplexes such as
hairpins almost do not present intermediates, (44) the saw-
teeth features observed in force–extension traces demon-
strate the existence of many intermediates in long DNA du-
plexes (41).
During the longitudinal isomerization of the eight-tube
DNA origami, the isomerization force (Fiso = 26.4 pN, Fig-
ure 4G and Table 1) is comparable to that of the horizontal
Fiso (27.8 pN, Figure 4H and Table 1). Similar forces be-
tween the two stretching orientations have been observed in
the isomerization of the six-tube DNA origami (Fiso = 27.3
pN for longitudinal and 29.7 pN for horizontal, see Figure
5G andH, respectively).We reasoned that the isomerization
of the DNA nanotubes can be a result of collective isomer-
ization of individual Holliday junctions at the microscopic
level. Based on this assumption, we calculated the isomer-
ization force for individual Holliday junctions as 0.12–0.14
pN (see SI). This value is in agreement with the isomeriza-
tion force of a single Holliday junction (0.1–0.3 pN) pre-
dicted by Hohng et al. (24).
It is noteworthy that mechanical isomerization was not
observed in DNA nanotiles or nanopyramid structures.
Close inspection on all three types of origami nanoassem-
blies shows that the latter two structures are rather differ-
ent from the tubular structures. While the DNA nanotiles
have a planar geometry, nanopyramids consisting of four
triangular tiles fold into an object in which the perimeter
of each layer gradually reduces from the base to the apex
of the pyramid. In DNA nanotubes, the circular geometry
with the same tube diameter gives rise to less hierarchical
contributions between the distal and proximal regions with
respect to the force axis, which bring a similarmicroenviron-
ment to all Holliday junctions. However, due to the loss of
symmetry in either DNA nanotiles or nanopyramids, indi-
vidual Holliday junctions experience different environment
and therefore, behave differently. As a result, themechanical
isomerization between two origami isomers can only be car-
ried out by many identical Holliday junctions as a collective
action in DNA nanotubes, but not in other structures.
CONCLUSIONS
Serving as essential components inside DNA origami
nanoassemblies, DNA staples offer stability to DNA
nanoassemblies by forming Holliday junctions with the
single-stranded DNA template. Using optical tweezers, we
have quantified and explained two emergent properties of
DNA nanoassemblies not seen in their individual compo-
nents frommechanical perspective. First, we have found the
mechanical stability of DNA origami structures can be ge-
ometry dependent, which is determined by the effective den-
sity of Holliday junctions along a particular stretching di-
rection. Second, we have quantitatively ascribed the coop-
erative transition between short and long DNA nanotubes
to the collective mechanical isomerizations of many indi-
vidual Holliday junctions. These observations indicate that
the Holliday junctions serve as mechanophores in DNA
origami nanoassemblies investigated here. Further testing
is required to validate this point for more complex DNA
nanoassemblies such as DNA helix bundles (2,21,22,45).
We anticipate our new findings can provide unprecedented
guidelines to design DNA nanoassemblies with better me-
chanical properties in both thermodynamic and kinetic as-
pects.
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